Rationale: Arrhythmogenic right ventricular cardiomyopathy (ARVC) is a disease of desmosome proteins characterized by fibroadipogenesis in the myocardium. We have implicated signaling properties of junction protein plakoglobin (PG) in the pathogenesis of ARVC.
A rrhythmogenic right ventricular cardiomyopathy (ARVC) is an enigmatic disease characterized by fibroadipocytic replacement of cardiac myocytes, predominantly in the right ventricle. [1] [2] [3] The phenotype is unique, progressive, and without an effective therapy. Progressive fibroadipogenesis, myocytes drop-out, and molecular remodeling lead to cardiac arrhythmias, ventricular dysfunction, and premature death. [1] [2] [3] ARVC is an important cause of sudden cardiac death in the young. 1 Molecular pathogenesis of ARVC has remained elusive since its modern description more than 3 decades ago. 4 Molecular genetic studies have partially elucidated genetic causes of ARVC and provided insights into its pathogenesis. Mutations in genes encoding junction protein plakoglobin (PG), plakophillin 2 (PKP2), desmoplakin (DSP), desmoglein 2 (DSG2), and desmocollin 2 (DSC2) are collectively responsible for about 50% of ARVC cases. [5] [6] [7] [8] [9] [10] [11] Mutations in nondesmosome proteins TGFB3 and TMEM43 also have been reported in families with ARVC. 12, 13 ARVC, at least in a subset, is a disease of desmosome proteins.
To delineate the molecular pathogenesis of ARVC, we have focused on the signaling functions of PG, aka ␥-catenin. 14, 15 PG, a member of the Armadillo arm proteins, has structural and functional similarities to ␤-catenin, the signal transducer of the canonical Wnt signaling through Tcf7l2/Lef1 transcription factors. 16 PG is implicated in competitive interactions with ␤-catenin in regulating various pathways, such as binding to Tcf7l2, ubiquitination, incorporation into adherens junctions, and even desmosome assembly. 17, 18 The precise nature of these interactions is not adequately defined and appears to be context dependent. PG and ␤-catenin differ in their propensities binding to Tcf7l2. 17, 18 Accordingly, ␤-catenin exhibits a strong transcriptional activity through Tcf7l2 and provokes gene expression. In contrast, PG exhibits weak Tcf7l2-mediated transcriptional activity. Consequently, the net effect of binding of PG to Tcf7l2 is suppression of the canonical Wnt signaling. Canonical Wnt signaling not only regulates cell proliferation but also is a major transcriptional switch regulator of myogenesis versus adipogenesis. 19 Thus, PG is a structural protein constituent of desmosomes as well as a signaling molecule that regulates the canonical Wnt signaling.
We have implicated signaling functions of PG in the pathogenesis of ARVC. 14 Accordingly, impaired desmosome assembly in ARVC leads to nuclear localization of PG, repression of the canonical Wnt signaling and enhanced adipogenesis. 14 Absence of PG at the cell junction has been advocated as a diagnostic marker for ARVC in humans. 20 Through a series of genetic-fate mapping experiments, we have identified the second heart field cardiac progenitor cells (CPCs) as a cell source for excess adipocytes in ARVC. However, the direct role of PG in ARVC remains untested. We performed a series of experiments analogous to gainand loss-of-function studies by overexpressing either a wildtype PG (PG WT ) or a truncated PG (PG TR ), known to cause ARVC in humans, 11 in cardiac myocyte-lineage and genetically deleting PG in embryos (PG Ϫ/Ϫ ). We isolated c-Kit ϩ :Sca1 ϩ CPCs from the hearts of PG transgenic mice and PG Ϫ/Ϫ embryos, determined differentiation of these CPCs to adipocytes, and delineated the responsible molecular mechanisms.
Methods
The investigation conforms to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health and was approved by the Institutional Animal Care and Use Committee.
Genetically Modified Mice
PG WT and PG TR (FVB background) were generated per conventional methods. To distinguish transgene PG WT from the endogenous PG (PG Endo ), 3 sequential Flag epitopes were positioned at the N-terminal domain of PG. To generate the deletion construct (PG TR ), we induced a 2-bases deletion (PG 23654del2 ) by site-directed mutagenesis. The deletion mutation introduces 11 new amino acids and leads to premature termination of the protein in humans 11 ( Figure  1A ). The new sequence was used to synthesize a peptide and generate a PG TR -specific antibody. Specificity of the antibody was detected by immunoblotting as shown in Online Figure I (see Online Supplement available at http://circres.ahajournals.org).
Because of embryonic lethality of PG Ϫ/Ϫ , 21 heterozygous (PG ϩ/Ϫ ) mice (C57BL/6 background) were maintained and crossed to generate PG Ϫ/Ϫ embryo for isolation of CPCs. We also crossed PG TR and PG ϩ/Ϫ mice to generate bigenic mice expressing PG TR in the background of deficiency of PG Endo .
Survival, Gross Cardiac Morphology, and Histology
Survival rates were compared by Kaplan-Meier survival analysis. Ventricular/body weight ratios were measured in age-and sexmatched mice. Echocardiography was performed as described. 15, 22 Electrocardiograms were also recorded. Myocardial histology was examined by H&E and Masson Trichrome staining of thin sections.
Adipocytes were detected by Oil Red O (ORO) staining and C/EBP-␣ immunostaining, as published. 15, 22 Immunoblotting Aliquots of ventricular tissue (50 mg) were homogenized using a Covaris Sonicator in RIPA buffer containing complete protease inhibitors. Protein concentration was determined by Lowry assay. Aliquots of 20 g of protein extracts were electrophoresed for immunoblotting. Antibodies were anti-Flag, mutant PG-specific, and pan PG to detect PG WT , PG TR , and transgene plus PG Endo on the same blot, respectively.
Immunofluorescence
Thin myocardial sections and isolated cells were immunostained using anti-pan PG, Flag, PG TR , C/EBP-␣, and c-Kit antibodies, as described. 14, 15 The samples were mounted in DAPI-containing Hard SetTM mounting medium.
Cell Protein Subfractionation
Nuclear, cytosolic, and membrane proteins were extracted, as published. 15, 22 Aliquots of 30 g of proteins were used for immunoblotting and probed with pan-PG, PG TR , and Flag (PG WT ) antibodies. Membranes were stripped in Restore Plus stripping buffer and were reprobed with antibodies against ␣-tubulin, Lamin A, and Cx43 to test purity of the separation.
Coimmunoprecipitation (Co-IP)
Co-IP was performed as described. 15, 22 Anti-DSP1/2, DSC2, and DSG2 antibodies were added to 500 g aliquot of total protein extracts followed by precipitating the antibody-protein complexes by Protein A/G PLUS-Agarose beads and centrifugation. The final pellets were resuspended in a loading buffer and used for immunoblotting.
Isolation and Culture of CPCs from Adult Mouse Hearts
Hearts from 2-to 3-month-old mice were depleted from mature myocytes through digestion with 0.1% type 2 collagenase in ␣-MEM medium. Cell suspensions were sequentially passed through 70-m, 40-m, and 35-m mesh strainers to eliminate residual mature myocytes and cell aggregates. The cell pellets were washed in MACS Buffer, and incubated with monoclonal antibodies to Sca1 and c-Kit. C-Kit ϩ , Sca1 ϩ , and c-Kit ϩ :Sca1 ϩ cells were sorted using a FACS-Aria flow cytometer. The c-Kit ϩ cells were negative for markers of the myeloid, lymphoid, and erythroid lineages. After sorting, cells were seeded into 0.1% gelatin-coated plates and supplemented with 10% embryonic stem cell certified FBS, 10 ng/mL mouse basic fibroblast growth factor (bFGF), 1000 U/mL of mouse leukemia inhibitory factor (mLIF), and 1% antibiotic-antimycotic. All the experiments were conducted on cells yielded from the third to fifth passage.
Non-Standard Abbreviations and Acronyms
Isolation and Culture of PG ؉/؉ and PG ؊/؊ CPCs PG Ϫ/Ϫ embryos were harvested at E11, separated from placenta and membranes under a dissecting microscope, and genotyped by direct PCR. PG ϩ/ϩ and PG Ϫ/Ϫ null embryos were used to isolate CPCs.
To isolate CPCs, we incubated embryonal cells with mouse lineage antibodies cocktail and antibodies against Flk1, Sca1, and c-Kit. The FACS-Aria flow cytometer was used to identify and sort c-Kit ϩ , Sca1 ϩ , and c-Kit ϩ :Sca1 ϩ cells from the population negative for markers of the myeloid, lymphoid, and erythroid lineages (CD34, CD45, CD20, CD45RO, CD8, and TER-119) and endothelial marker Flk1.
RT-PCR
Total RNA was isolated from CPCs using Qiagen RNeasy Mini Kit. To eliminate genomic DNA, the extracts were treated with DNase 1 sequentially with 2 different DNAse reagents. Aliquots of 2 g of total RNA were reverse transcribed using SuperScript III First-Strand Synthesis System and oligo dT primers. The RT products were amplified by PCR using primers designed to specifically amplify PG Endo , PG WT , PG TR , ␣-MyHC, and Gapdh mRNAs (Online Figure II and Online Table I ).
Induction of Adipogenesis
C-Kit ϩ progenitor cells from nontransgenic (NTG), PG WT , and PG TR mouse hearts and from PG ϩ/ϩ and PG Ϫ/Ϫ embryos were plated at a density of 60,000 cells per well on 0.1% gelatin-coated cover glass and treated with Adipogenesis Induction Medium (␣-MEM supplemented with 10% FBS, 1% antibiotic-antimycotic, 10 g/mL insulin, 0.5 mmol/L 3-isobutyl-1-methylxanthine, and 1 mol/L dexamethasone) for 5 days. The media was then changed to Maintenance Medium containing 10 g/mL insulin. Two days later, cells were stained with ORO and C/EBP-␣. Figure 1 . Transgenic mouse models. A, PG WT transgene construct was generated by placing 3 Flag epitopes 5Ј to full-length wildtype PG (PG WT ) cDNA. Truncated mutant PG (PG TR ) was generated by site-directed mutagenesis. The transgenes were positioned downstream to a 5.5-kbp ␣-MyHC promoter. B, Immunoblots showing expression of PG WT , PG TR , and PG Endo proteins detected using Flag-specific (PG WT ), PG TR -specific, and pan-PG (PG Endo ϩ PG WT or ϩ PG TR ) antibodies in nontransgenic (NTG) and transgenic mice. C, Quantitative presentation of PG WT and PG TR levels as percentages of the total PG in the heart of 2 lines of PG WT and 3 lines of PG TR mice. PG WT comprised about 31% and 41% of the total PG and PG TR about 47%, 27%, and 26% of total PG, respectively, in different lines analyzed.
To quantify the number of adipocytes, the number of ORO-stained cells in 25 microscopic fields (4ϫ magnification) and the number of C/EBP␣-stained cells in 20 fields (63ϫ magnification) per group were counted in 3 independent experiments.
Activation of Wnt Signaling by Pharmacological Inhibition of GSK-3␤
CPCs from the heart of PG TR mice were plated on 0.1% gelatincoated cover glass in proliferation media, supplemented with 2 mol/L, 5 mol/L, and 10 mol/L of 6-bromoindirubin-3Ј-oxime (BIO), a known activator of the canonical Wnt signaling. 23 Untreated cells and cells treated with BIO but not subjected to adipogenesis were included as control groups. At the end of the treatment, cells were stained with ORO and C/EBP-␣, and the percentages of positive cells were determined.
Real-Time PCR (qPCR)
Levels of mRNAs for selected molecular markers were quantified by qPCR using specific TaqMan Gene expression assays (Online Table  I ) and were normalized to Gapdh mRNA level.
Statistical Analysis
Statistical analysis was performed using STATA-Intercooled version 10.1 software (StataCorp LP, College Station, TX), as described. 15 Data are expressed as mean Ϯ1 SD. Kaplan-Meier survival curves were compared by log-rank test.
An expanded Methods section can be found online at http://circres.ahajournals.org.
Results

Cardiac Lineage-Specific Expression of PG Leads to Increased Fibroadiposis, Cardiac Dysfunction, and Premature Death
We generated 2 lines of PG WT and 3 lines of PG TR transgenic mice using a 5.5-kbp ␣-MyHC promoter (a generous gift from Dr. Jeffrey Robbins, University of Cincinnati). The 11 novel amino acids in the PG TR were used as an epitope to generate mutant PG-specific (PG TR ) antibody ( Figure 1A) . The custom-made antibody against this epitope reacted with PG TR but not PG WT (Online Figure I) . Expression of the transgene protein in the heart was detected using Flagspecific (PG WT ), PG TR -specific, and pan PG (transgene PG ϩ PG Endo ) antibodies ( Figure 1B ). Relative expression levels of the PG WT and PG TR , quantified after probing the membranes with a Pan PG antibody, were 31% to 41% and 26% to 47% of total PG, respectively ( Figure 1B and C). Lines with the higher expression of the transgene (41% in PG WT and 47% in PG TR ) were used for further characterization.
Six-to 12-month-old NTG, PG WT , and PG TR mice were euthanized for morphological and histological characterization. Hearts were enlarged in PG TR mice in comparison with NTG or PG WT mice (Figure 2A ). The ventricular/body weight ratio was significantly increased in age-and sexmatched PG TR mice in comparison with NTG mice (5.1Ϯ1.1 versus 4.4Ϯ0.5 mg/g, respectively, Pϭ0.006) or PG WT (4.5Ϯ0.6 mg/g, Pϭ0.015). The ventricular/body weight ratio was not significantly different between PG WT and NTG mice ( Figure 2B ). Histological examination showed increased number of adipocytes in the heart in PG WT and PG TR mice. (NTG: 0.19%Ϯ14%, PG WT : 0.63%Ϯ0.23%, PG TR : 0.60%Ϯ19% of total cells; 4060 cells per mouse and 3-4 mice per group, PϽ0.001.) Distribution of adipocytes in the myocardium was patchy and predominantly at the epicardium ( Figure 2C ). The number of adipocytes did not seem to differ significantly between the right and left ventricles, in accord with the expected expression of the transgenes regulated by the ␣-MyHC promoter in both ventricles. Likewise, interstitial fibrosis was increased by approximately 2-fold in the PG WT and PG TR mice, in comparison with NTG.
PG WT and PG TR mice exhibited increased mortality in comparison with NTG mice. Approximately 10%, 20%, and 60% of PG TR died at 6, 12, and 24 months of age, respectively ( Figure 2D ). Echocardiographic findings are presented in Table. Left ventricular end diastolic diameter (LVEDD), end systolic diameter (ESD), and mass (LVM) were increased and LV fractional shortening (LVFS) was decreased in the PG TR mice. PG WT mice showed a modest increase in LVEDD but had normal LVESD and preserved LVFS. Electrocardiograms showed evidence of third-degree atrioventricular (AV) block, supraventricular tachycardia, AV dissociation, and ventricular arrhythmias in transgenic mice (Online Table II and Online Figure III) .
To recapitulate the human genotype, we attempted to generate mice that expressed only PG TR in the heart. However, expressing PG TR in the background of homozygous deficiency of PG Endo (PG Ϫ/Ϫ :PG TR ) did not produce viable pups, presumably because of early lethality of PG Ϫ/Ϫ embryos. 21 Bigenic mice expressing PG TR in the background of heterozygous deficiency of PG Endo (PG ϩ/Ϫ :PG TR ) were viable and exhibited a phenotype similar to that observed in the PG TR transgenic mice, including increased fibroadipocytes (Online Figure IV) . Echocardiographically, the bigenic PG ϩ/Ϫ :PG TR mice showed increased LVEDD, LVESD, and LVM and reduced LVFS (Online Table III ). Heterozygous deficiency of PG (PG ϩ/Ϫ ) was also associated with increased LVEDD, but these mice had preserved LVFS. In comparison with PG ϩ/Ϫ mice, the bigenic PG ϩ/Ϫ :PG TR mice exhibited significantly increased LVEDD, LVESD, and LVM and significantly lower LVFS (Online Table III ).
Impaired Binding of Mutant PG TR to Other Desmosome Proteins, Reduced Desmosome Incorporation, and Enhanced Nuclear Localization
Immunoreactive signal for PG TR was virtually absent at desmosomal sites and was primarily detected in the nucleus ( Figure 3A ). However, PG WT was detected in the desmosome as well as in the nucleus.
Immunoblotting of cell protein subfractions showed findings consistent with the results of the immunofluorescence staining. Accordingly, PG WT and PG TR were detected in the nuclear and cytosolic protein subfractions. PG WT was also present in the membrane subfraction. In contrast, PG TR was minimally detectable in the membrane subfraction ( Figure 3B) .
Co-IP studies ( Figure 3C ) showed reduced binding of PG TR to its interacting desmosome proteins DSP and DSG2, but preserved binding to DSC2. In contrast, binding of PG WT to DSP, DSG2, and DSC2 was preserved ( Figure 3C ). Likewise, both PG WT and PG TR were coprecipitated with TCF7l2 ( Figure 3D ).
Enhanced Adipogenesis in CPCs Isolated from PG WT or PG TR
To test the direct role of PG in adipogenesis, we isolated c-Kit ϩ /Sca1 ϩ , c-Kit ϩ , and Sca1 ϩ cells from the hearts of ageand sex-matched NTG, PG WT , and PG TR adult mice by FACS. C-Kit ϩ :Sca1 ϩ cells comprised about 0.1%Ϯ0.08% of cardiac myocytes depleted cell pools in the hearts in 4 independent isolations. The relatively high percentage of c-Kit ϩ :Sca1 ϩ cells, while in accord with some of the previous data, 24, 25 likely reflects our 2-step gating enrichment strategy (Online Figure V) . The percentage does not reflect the number of c-Kit ϩ :Sca1 ϩ cells in vivo in the myocardium, which is expected to be much lower. There were no significant differences in the number of c-Kit ϩ :Sca1 ϩ isolated from NTG, PG WT , and PG TR mouse hearts.
RT-PCR, performed using specific primers (Online Figure II  and Online Table I ), showed expression of PG Endo in CPCs isolated from NTG, PG WT , and PG TR mouse hearts ( Figure 4A ). Likewise, PG WT and PG TR were expressed in c-Kit ϩ :Sca1 ϩ cells isolated from the hearts of PG WT and PG TR mice, respectively. In addition, ␣-MyHC was also expressed in the isolated CPCs ( Figure 4A ). The latter finding also corroborated expression of the PG transgenes regulated by the ␣-MyHC promoter.
Immunofluorescence staining of c-Kit ϩ :Sca1 ϩ cells with specific antibodies against PG TR , PG WT , and pan PG also confirmed expression of the PG in CPCs and suggested nuclear localization of transgene PG in these cells ( Figure 4B and 4C). Moreover, immunofluorescence staining for PG and c-Kit ϩ , performed without cell permeabilization in order to preserve the transmembrane antigen c-Kit, confirmed coexpression of c-Kit and PG in CPCs ( Figure 4C ).
To determine whether expression of PG in CPCs enhanced adipogenesis, we stimulated c-Kit ϩ :Sca1 ϩ cells isolated from NTG, PG WT , and PG TR hearts for adipogenesis and stained with ORO and C/EBP-␣. CPCs isolated from PG WT and PG TR mice showed increased accumulation of fat droplets as well as a higher number of C/EBP-␣ expressing cells ( Figure  5A ), in comparison with NTG cells. Numbers of ORO and C/EBP-␣ positive cells are shown in Figure 5B and 5C. In addition, c-Kit ϩ but Sca1 Ϫ cells isolated from PG TR mouse hearts also showed enhanced adipogenesis (Online Figure  VIA and VIB) . Moreover, CPCs isolated from PG TR and PG WT but not from NTG mice exhibited spontaneous adipogenesis in the absence of an adipogenic induction ( Figure 5D through 5F).
To determine a transcriptional switch to adipogenesis regulated by the canonical Wnt signaling, we performed qPCR to quantify mRNA levels of KLF15, IGFBP5, and CTGF. 26, 27 KLF15 and IGFBP5 mRNA levels were increased markedly (3-5-fold and 105-144-fold, respectively) in PG WT and PG TR progenitor cells ( Figure 5G) . Likewise, mRNA level of Wnt5B, a noncanonical Wnt that promotes adipogenesis 28 was increased significantly. In contrast, mRNA level of CTGF, a known inhibitor of adipogenesis and a target of the canonical Wnt signaling, 29 was significantly reduced.
To further substantiate suppressed canonical Wnt signaling by PG in mediating adipogenesis in CPCs, we activated the canonical Wnt signaling by treating c-Kit ϩ :Sca1 ϩ cells with BIO, a known inhibitor of GSK3␤. 23 Cyclin D1 and c-Myc mRNA levels, targets of the canonical Wnt signaling, were reduced in c-Kit ϩ :Sca1 ϩ cells isolated from PG TR hearts but not in cells treated with BIO, indicating suppressed canonical Wnt signaling ( Figure 6A ). Treatment with BIO normalized cyclin D1, c-Myc, and CTGF mRNA levels in c-Kit ϩ :Sca1 ϩ cells isolated from PG TR hearts ( Figure 6A ). In accord with molecular rescue of the canonical Wnt targets, treatment with increasing concentrations of BIO reversed adipogenesis in c-Kit ϩ :Sca1 ϩ cells in a dose-dependent manner, despite treatment with adipogenic inducers (Figure 6B through 6D) . In contrast, CPCs not treated with BIO showed enhanced adipogenesis. Similar experiments in c-Kit ϩ only cells isolated from PG TR hearts replicated the findings in c-Kit ϩ :Sca1 ϩ cells on reversal of adipogenesis with BIO (Online Figure VIC and VID). Figure 7A ). Mouse embryonic fibroblasts (MEFs) isolated from PG ϩ/ϩ and PG Ϫ/Ϫ embryos showed differential adipogenesis when subjected to adipogenic induction. MEFs from PG Ϫ/Ϫ showed about 20-fold reduction in the number of ORO stained cells in comparison with PG ϩ/ϩ cells (Online Figure VIII) .
Resistance of PG ؊/؊ CPCs to Adipogenesis
The number of c-Kit ϩ cells (Lin Ϫ and Flk1 Ϫ ) was significantly reduced in the PG Ϫ/Ϫ embryos in comparison with PG ϩ/ϩ embryos. Representative plots showing the gating setting used to identify and sort Lin Ϫ :Flk1 Ϫ :c-Kit ϩ cells are shown in Figure 7B . On average, c-Kit ϩ cells represented about 2% to 8% of the Lin Ϫ :Flk1 Ϫ cells in the PG ϩ/ϩ embryos, in contrast to 0.1% to 1.5% of the Lin Ϫ :Flk1 Ϫ cells in the PG Ϫ/Ϫ embryos, a several-fold reduction. In addition, PG Ϫ/Ϫ CPCs were resistant to adipogenesis, because only rare ORO positive cells were found despite adipogenic induction. In contrast, adipogenesis was effectively induced in the PG ϩ/ϩ CPCs (Figure 7C and 7E) . Consistent with resistance to adipogenesis, mRNA level of CTGF, an inhibitor of adipogenesis, 27 was increased by 22-fold in PG Ϫ/Ϫ : c-Kit ϩ CPCs ( Figure 7F ). To determine whether resistance to adipogenesis in PG Ϫ/Ϫ :c-Kit ϩ CPCs was associated with activation of canonical Wnt signaling, we measured mRNA levels of Sox2, c-Myc, and cyclin D1, downstream targets of this pathway and cyclin E1 and PCNA, markers of cell proliferation. Sox2, c-Myc, and cyclin D1 as well as cyclin E1 and PCNA mRNA levels were increased significantly ( Figure 7F ). Collectively, these data link inhibition of adipogenesis in PG Ϫ/Ϫ :c-Kit ϩ CPCs to activation of the canonical Wnt signaling. 
Discussion
The findings provide direct evidence for the essential signaling functions of nuclear PG in repressing the Wnt/␤-catenin signaling pathway in CPCs and inducing a transcriptional switch to adipogenesis in ARVC. In the presence of PG, c-kit1 ϩ :Sca1 ϩ CPCs exhibited enhanced differentiation to adipocytes. In contrast, in the absence of PG these cells were resistant to adipogenesis. These findings in conjunction with previous data in cardiac myocytes-restricted Dsp-deficient mice and genetic fate mapping experiments 14, 15 identify PG as a mediator of differentiation of a subset of CPCs from a myogenic to an adipogenic fate in ARVC. We expressed PG in CPCs under the transcriptional regulation of Myh6, which is conventionally considered a postnatal gene. However, Myh6 is also expressed during early embryonic period and in c-kit ϩ CPCs. 30, 31 In support of the embryonic expression of Myh6, cardiac myocytes lineage-restricted deletion of Dsp under the transcriptional regulation of the ␣-MyHC promoter leads to near total embryonic lethality at E12-14. 14 Notwithstanding the existing data, we detected expressions of ␣-MyHC and PG, regulated by Myh6 promoter, in CPCs isolated from PG WT and PG TR . Coexpression of PG and ␣-MyHC in c-Kit ϩ cells indicates a subset of cells that are in transition from a progenitor state to an early myogenic lineage.
Unlike our transgenic PG WT model, PG is not overexpressed in human ARVC. We overexpressed PG WT in the heart in order to determine the signaling functions of PG that is not incorporated into desmosomes (nonjunctional PG), as in human ARVC, PG is displaced from the junction. 20 We placed a Flag epitope to track and distinguish the transgene PG WT from the endogenous PG. Co-IP and immunofluorescence studies showed proper desmosome localization and binding of Flag-tagged PG to selected desmosome proteins. Unlike the PG WT , the mutant PG TR was not epitope tagged, because of generation of a PG TR -specific antibody. The cells normalized to Gapdh mRNA levels and shown relative to NTG. CTGF mRNA level, an inhibitor of adipogenesis, was reduced significantly in c-Kit ϩ :Sca1 ϩ cells in the PG WT and PG TR groups. In contrast, mRNA levels of KLF15 and IGFBP5 were increased dramatically. Likewise, mRNA level of Wnt5b, a noncanonical Wnt known to induced adipogenesis, was also increased significantly. PG WT and PG TR both exhibited excess fibroadipocytes, suggesting that the observed phenotype is not because of the Flag epitope. Furthermore, we and others have previously shown that nontagged endogenous PG could translocate to nucleus, suppress the canonical Wnt signaling, and provoke adipogenesis. 14 Nevertheless, we also generated bigenic PG ϩ/Ϫ :PG TR mice, which exhibited excess fibroadipocytes in the heart and cardiac dysfunction, as also observed in the single transgenic PG TR mice. Collectively, these data indicate that findings reflect signaling functions of PG.
PG TR transgenic mice express a truncated PG, known to cause Naxos disease in humans. 11 The PG TR transgenic mice exhibit a phenotype that resembles ARVC. However, the genotype of PG TR mice is not identical to the genotype of humans as Naxos disease is caused by a homozygous deletion mutation in PG. Expression of PG TR under the transcriptional control of Myh6 did not rescue early embryonic lethality of PG deficiency, 21 indicating earlier expression of PG than Myh6. The PG ϩ/Ϫ :PG TR mice, however, exhibited a phenotype similar to PG TR mice. Nevertheless, because of the differences in the genotypes of mouse models and human patients, application of the findings to human ARVC remains to be determined. In addition, the findings may not pertain to the pathogenesis of ARVC caused by genes coding for nondesmosome proteins or various phenotypic features of ARVC, such as gap junction remodeling, cardiac arrhythmias, and myocardial fibrosis, which may result from interactions of PG with other cellular proteins, not analyzed in the present study. Finally, alternative approaches to activate the canonical Wnt signaling, other than inhibition of GSK3␤ with BIO, might provide further insights.
Cardiac dysfunction in PG TR and PG ϩ/Ϫ :PG TR was similar and likely results from poor assembly of the truncated PG into desmosome, reflected by reduced levels of PG TR in cell membrane. In contrast, PG WT mice exhibited only mild left ventricular dilatation. Despite disparities in cardiac dysfunction, PG TR and PG WT mice exhibited premature mortality and cardiac arrhythmias. The molecular mechanisms responsible for cardiac arrhythmias and increased mortality in PG WT remain to be explored. The findings also suggest partial dissociation of cardiac dysfunction from fibroadipogenesis in ARVC, as the former primarily reflects impaired desmosome assembly at least in early stages of ARVC, and the latter differentiation of CPCs to adipocytes. In advances stages of ARVC, adipocytes infiltration of the myocardium might also contribute to cardiac dysfunction. 2 PG seems to regulate-probably through the canonical Wnt pathway-expression of several adipogenic factors. Changes in CTGF mRNA level inversely paralleled expression of PG. CTGF, also known as CCN2, is a known target of the canonical Wnt signaling 29 and yet regulates Wnt signaling by interacting with Wnt coreceptor, LRP6. 32 These data identify CTGF as a plausible molecular mediator of adipogenesis in ARVC. Likewise, expression level of KLF15, known to inhibit cardiac myocytes hypertrophy and repress transcriptional activator myocardin, 33, 34 was significantly increased in PG ϩ CPCs. KLF15 is highly expressed in brown adipose tissue and is markedly up-regulated during differentiation of preadipocytes to adipocytes. 26 KLF15 is also known to inhibit CTGF in cardiac fibroblasts. 35 Moreover, IGFBP5 mRNA level was increased by more than 100-fold in CPCs that expressed transgene PG. IGFBP5 is a target of Akt1/ FOXO transcription factors and also is regulated by the Wnt/␤-catenin signaling pathway (reviewed by Beattie et al 36 ). IGFBP5 is implicated in a diverse array of biological functions, including muscle atrophy, cell senescence, survival, and differentiation as well as fibrosis and inflammatory response through IGF-1-dependent and -independent mechanisms (reviewed by Beattie et al 36 ) . While these biological processes have been implicated in the pathogenesis of ARVC, specific biological roles of IGFBP5 in ARVC, and the molecular basis of increased mRNA levels merit additional studies. Additional interventions targeted to CTGF, KLF15, and IGBP15 in animal models of ARVC would be necessary to substantiate the essential roles of these molecules in the pathogenesis of ARVC.
In summary, through a series of gain-and loss-of-function studies, we have shown the central role of nuclear PG in mediating adipogenesis of ARVC and identified CTGF, KLF15, IGFBP5, and Wnt5b as potential mediators of the unique and enigmatic phenotype in ARVC. These data in conjunction with our previous studies in Dsp-deficient mice A forward and site scatter based gate was initially created. As shown in the back gating plots, a second gate was then drawn to exclude cells expressing markers for hematopoietic lineage (Lin) and Flk-1, an endothelial precursor cell marker. C, ORO and C/EBP-␣ panels illustrate decreased adipogenesis in c-Kit ϩ CPS isolated from PG Ϫ/Ϫ , as opposed to c-Kit ϩ cells isolated from PG ϩ/ϩ embryos, despite adipogenic induction. D and E, Representative quantitative data are shown. F, Panels show mRNA levels of selective adipogenic, canonical Wnt signaling, and cell cycle markers by real-time PCR in Lin Ϫ :Flk1 Ϫ :c-Kit ϩ cells isolated from PG ϩ/ϩ and PG Ϫ/Ϫ embryos. CTGF, Sox2, c-Myc, and cyclinD1, markers of activation of the canonical Wnt signaling, and mRNA levels of cyclin E1 and PCNA, indicative of cell cycle activation, were increased in PG Ϫ/Ϫ CPCs. and genetic fate mapping studies 14, 15 highlight the signaling functions of nuclear PG in repressing the canonical Wnt signaling and mediating differentiation of a subset of c-Kit ϩ CPCs to adipocytes.
